INTRODUCTION {#sec1-1}
============

Acute radiation syndrome (ARS) is a problem that can be caused due to exposure by high lethal doses of ionizing radiation during a short period of time causing depletion of parenchymal cells in a tissue.[@ref1] High doses of ionizing radiation can cause detrimental systemic effects in organs such as the gastrointestinal tract, and blood circulation.[@ref2],[@ref3] So, patients afflicted with this syndrome must i) prevented and treated for any infection,[@ref4] ii) undergo hematopoiesis stimulation by administration of growth factors,[@ref4] iii) receive stem cells[@ref4],[@ref5] and iv) be protected physiologically from exposures.[@ref4]

Stem cell transplantation was shown to be an effective approach that can be developed in the laboratory in severe radiation injuries.[@ref6] Mesenchymal stem cells (MSCs) are clonogenic undifferentiated cells with self-renewal and differentiation properties[@ref7] that have been isolated from tissues such as bone marrow,[@ref8] and adipose.[@ref9] They have multilineage properties and can be differentiated into osteoblasts.[@ref10]

Today, MSCs are considered as an alternative treatment for functional recovery in patients and animals suffering from many diseases and disabilities.[@ref11] Bone marrow stem cells (BMSCs) have been used in several diseases such as ARS based on their safety and efficacy.[@ref12] The present study aimed to assess the effect of BMSCs on regeneration of bone marrow and intestinal tissue and survival rate in experimental mice with ARS.

METHODS {#sec1-2}
=======

BMSCs were isolated from male mice (weighing=27-30 g, age=8-12 weeks) that were provided from Laboratory Animal Center of Shiraz University of Medical Sciences. Animal housing and all experiments received the approval of the local animal care committee based on institutional guidelines and national animal welfare.

Animals were divided into 2 groups undergoing γ irradiation without any therapeutic intervention and the group undergoing γ irradiation with treatment intervention. Both groups were irradiated with 10 Gy (dose rate 0.28 Gy/ min) ^60^CO during 35 minutes with a field size of 35×35 for all the body area. Twenty-four hours after γ irradiation, 150×10^3^ cells of passage 5 in 150 µl medium were injected intravenously into the tail of treatment group. Animals were euthanized one and two weeks after cell transplantation for histological evaluation.

For MSC culture, the animals were euthanized and both femoral and tibial bones from each mouse were removed under sterile condition and after removal of muscular and connective tissues, the bones were cut at both ends and the bone marrow was flushed out into a 15 ml falcon tube using a 10 ml syringe filled with Dulbecco's Modified Eagle Medium (DMEM; Biovet, Bulgaria) and 1% penicillin streptomycin (Sigma, USA). After isolation of bone marrow, they were transferred on ice and under sterile condition to stem cell laboratory (Stem Cell and Transgenic Technology Research Center, Shiraz University of Medical Sciences, Shiraz, Iran) for further follow up.

The bone marrow was diluted with an equal volume of DMEM, and centrifuged at 1200 rpm for 7 minutes and after removal of the supernatant, the precipitate was cultured in 25 cm^2^ flasks containing DMEM supplemented with 10% fetal bovine serum (FBS; Biovet, Bulgaria), 1% L-glutamine (Sigma, USA) and 1% penicillin and streptomycin. The culture flasks were transferred into CO2 incubator at 37°C with 5% CO2 and saturated humidity while the medium was changed after 24 and then every 3 days. The adherent cells were passaged at 80% confluency by washing with PBS twice (Gibco, USA) and then using 0.25% trypsin (Gibco, USA) for 3 min. The same volume of DMEM was added to inactivate the enzyme activity. Cell passaging was continued till passage 5.

The morphology of cells were assessed by inverted microscope (Olympus, USA). To enumerate the cells, BMSCs were plated in 24-well plates at a density of 5×10^4^ cell per well for one week. Three wells per day were evaluated for cell count and population doubling time (PDT). PDT was calculated using the formula PDT=T ln2/ln(Xe/Xb), while T was the incubation time in hours, Xb represented the cell number incubation starting time and Xe for the cell number at incubation ending time.

RT-PCR was conducted to evaluate the expression of MSC markers. In summary, after extraction of the total RNA using the column RNA isolation kit (Denazist-Asia, Iran based on manufacturer's instructions, it was assessed by spectrophotometry. The complementary DNA (cDNA) was provided by AccuPower Cycle Script RT PreMix Kit (Bioneer, Korea) based on manufacturer's guideline. For each reaction; 15 µL of total RNA was used to reach a volume of 20 µL with the DEPC water. Twelve thermal cycles was performed as follows: 30 sec at 20°C for primer annealing, 4 min at 42°C for cDNA synthesis, 30 sec at 55°C for melting secondary structure and cDNA synthesis and 5 minutes at 95°C for inactivation.

Then, 1 µL of template (cDNA) and PCR buffer, H2O, dNTPs, MgCl2, Taq DNA polymerase, and forward and reverse primers were mixed. The microtubules containing 20 µL of the mentioned mixture were placed into thermocycler (Eppendorf Mastercycler Gradient, Eppendorf, Hamburg, Germany) and 30 amplification cycles were undertaken (30 sec denaturation at 95°C, 30 sec annealing at 64°C, 62°C, and 61°C and 30 sec extension at 72°C with the 5 min at 95°C for primary denaturation and 5 min at 72°C for final extension). PCR products were assessed for defined bands by gel electrophoresis by DNA safe stain in 1.5% agarose gel medium. The bands were visualized using UV radiation by a gel documentation system (UVtec, Cambridge, UK) and photographed.

To determine the osteogenic differentiation, cells from passage 5 were seeded into 6 well plates. At 70-80% cell confluency, they were cultured for 21 days with low glucose DMEM containing 100 nM dexamethasone (Sigma, USA), 0.05l M ascorbate-2-phosphate (Wako Chemicals, USA), 10 mM b-glycerophosphate (Sigma, USA), 1% penicillin/streptomycin and 10% FBS. The medium was changed every 3 days. At the end of the third week, osteogenic differentiation was evaluated with Alizarin Red staining (Sigma, USA).

Both groups were evaluated histologically for any changes in bone marrow and intestinal tissues. For this purpose, formalin fixed paraffin embedded (FFPE) blocks were prepared from the femoral bone and small intestine. Hematoxylin and eosin (H&E) staining was used to evaluate the changes. Bone Marrow components were examined for bone marrow cellularity, necrosis, hemorrhage, fibrosis, myeloid to erythroid ratio and searched for regenerated foci. These findings were scored accordingly: (-) for absence of the change, (F) for focal, (+) for mild, (++) for moderate and (+++) for frank and widespread presence of the changes in subsequent examined tissue and these findings were compared between the two groups.

The results of the experiments are represented as the mean±standard deviation (SD). Data were analyzed using T-test for number of cells in the bone marrow and Kaplan-Meier analysis for survival experiments using SAS 9 software. Also, Mann-Whitney was used to evaluate the nonparametric data in small intestine tissue evaluating for presence (+) or absence (-) of necrosis, apoptotic changes and also goblet cell depletion.

RESULTS {#sec1-3}
=======

BMSCs were plastic adherent and spindle-shape throughout all passages ([Fig. 1A](#F1){ref-type="fig"}-[1C](#F1){ref-type="fig"}). BMSCs expressed CD90 marker of mesenchymal stem cells but not CD34 and CD45 as markers for hematopoietic stem cells ([Fig.2](#F2){ref-type="fig"}). Culture of BMSCs in osteogenic media lead to osteogenic differentiation of the BMSCs based on presence of calcium deposits after three weeks of staining with Alizarin red ([Fig.3](#F3){ref-type="fig"}). A significant increase in survival rate was noticed two weeks after γ irradiation in group B (71.4%) when compared to group A (14.3%) (*p*=0.005). The survival rate estimated by Kaplan-Meier test showed that exposure of whole body to 10 Gy γ irradiation and then transplantation of BMSCs could significantly increase the survival rate in group B ([Fig.4](#F4){ref-type="fig"}).

![Bone marrow-derived mesenchymal stem cells in different passages. A: 1st, B: 2nd, and C: 3rd passage.](PJMS-32-646-g001){#F1}

![RT-PCR showed the presence of CD90 and lack of CD34 and CD45 (Ladder, CD90, CD34, 3: CD45).](PJMS-32-646-g002){#F2}

![Alizarin red staining demonstrated calcification and osteogenic differentiation of BMSCs in mice. A: Control, B: Osteogenic differentiation.](PJMS-32-646-g003){#F3}

![The effect of BMSCs injection on survival of mice exposed to 10 Gy irradiation to whole body.](PJMS-32-646-g004){#F4}

Bone marrow necrosis, hemorrhage and hypocellularity were the main findings in the bone marrow in the Group A as compared with Group B ([Table-I](#T1){ref-type="table"}, [Fig.5](#F5){ref-type="fig"}). These changes were statistically significant (*p*\<0.05). For bone marrow fibrosis, the difference was not statistically significant (*p*\>0.05). The myeloid to erythroid ratio was more than one in all of the cases of the group B. As seen in [Table-II](#T2){ref-type="table"} and [Fig.6](#F6){ref-type="fig"}, small intestine of the two groups were evaluated for any histopathology changes including goblet cell depletion, necrosis and increase in number of apoptotic cells which were compared between two groups. There was a statistically significant increase in number of apoptotic cells in the Group A (*p*\<0.05).

###### 

A comparison between two groups regarding fibrosis, necrosis, hemorrhage and regeneration in the bone marrow.

  *Group/Case*   *Fibrosis*   *Necrosis*   *Hemorrhage*   *Regeneration*
  -------------- ------------ ------------ -------------- ----------------
  A                                                       
  1               +++          +            +              \_
  2               +            +++          ++             \_
  3               +            +++          +++            F
  4               +            +++          +++            \_
  5               \_           +++          +++            F
  6               \_           ++           +++            F
  B                                                       
  1               \_           \_           \_             \_
  2               \_           \_           \_             \_
  3               \_           \_           \_             \_
  4               \_           \_           \_             \_
  5               \_           F            \_             \_
  6               \_           \_           \_             \_

![Histopathological changes in bone marrow of both groups. A (x100) and B (x400): Bone marrow shows diffuse hemorrhage, necrosis and loss of hematopoietic cells in Group A. C (X100) and D (X400): Bone marrow hyperceullarity and absence of bone marrow necrosis and hemorrhage.](PJMS-32-646-g005){#F5}

###### 

Comparison of two groups regarding apoptotic cells, necrosis and goblet cell depletion in the small intestine.

  *Group/Case*   *Apoptosis*   *Necrosis*   *Goblet cell depletion*
  -------------- ------------- ------------ -------------------------
  A                                         
  1              \+            \+           \_
  2              \_            \+           F
  3              \+            \+           \+
  4              \+            \+           \+
  5              \+            \+           \+
  6              \_            \+           \_
  B                                         
  1              \_            \+           \+
  2              \+            \+           \+
  3              \_            \+           \+
  4              \_            \+           \+
  5              \+            \+           \_
  6              \+            \+           \+

![Histopathological changes of small intestine in group B. A (x100) and B (X400): Mucosal atrophy, increase in number of apoptosis and loss of goblet cells are seen.](PJMS-32-646-g006){#F6}

DISCUSSION {#sec1-4}
==========

BMSCs are spindle shape similar to mesenchymal stem cells that have been confirmed in our findings too.[@ref13] We showed BMSCs could differentiate into osteoblast lineage secreting mineral matrix as one of the major components of bone matrix (calcium phosphate) detected by Alizarin red S staining as described before.[@ref8],[@ref13]

The criteria of the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy reported that stem cells that expressing the markers of CD44, CD90, CD73 and CD105 are considered mesenchymal and those that express markers of CD19, CD14, CD34 or CD45 are regarded hematopoietic stem cells.[@ref14] Our findings revealed positive marker of CD90 and lack of CD34 and CD45 markers at all passages by RT- PCR supporting the mesenchymal nature of the cells.

Comparison of the findings for both groups revealed that injection of BMSCs could significantly increase the number of cells in the bone marrow and the survival rate animals. Regeneration in bone marrow and healing in intestinal tissue were noticed in group B receiving BMSC transplantation in comparison to group A. These findings denoted to a reduction in the detrimental effects of ARS in mice. It was shown that BMSCs by increasing the secretion of growth factors, have the ability to differentiate into various cells and induce an immunomodulatory property through their paracrine and endocrine mechanisms leading to repair in injured tissues[@ref9] confirming the findings of the present study.

It was shown that transplantation of MSCs can be effective in treatment of ARS and reduce inflammation in tissue injuries.[@ref12] Also, in a 32-year-old man who was exposed to a dose of 14.5 GY γ irradiations in the whole body in an irradiation accident in China, it was found that cell therapy with MSCs was an effective therapeutic approach.[@ref15] Another study indicated that systemic administration of MSCs can stimulate mechanism counteracts the inflammatory events and also manage the detrimental effects of ARS after γ irradiation.[@ref16]

Hu et al. reported that MSC transplantation would result into an increase in hematopoiesis and reduction of apoptosis, and it was suggested as a valuable strategy for management of ARS.[@ref17] MSCs were also shown to migrate and settle at the site of injury in the small intestine and lead to a healing and recovery for the existing injuries.[@ref18] Some authors reported therapeutic use of MSCs in compact bones to reduce the lesions and increase the survival rate after exposure to lethal doses of γ irradiation in the whole body.[@ref6]

All the above-mentioned studies confirmed our findings in the present study. So, we showed that transplantation of BMSCs has detrimental effects in reduction of lesions in several tissues. BMSCs were demonstrated to increase the survival rate in ARS have healing effects in injured tissues that may be due to immunomudulating and anti-inflammatory effects of MSCs and an increase in secretion of growth factors and cytokines by these cells after γ irradiation.[@ref19]

CONCLUSION {#sec1-5}
==========

Based on our findings, BMSCs were shown to reduce the detrimental effects of ARS and increase the survival rate in exposures to γ irradiation that can open a window in treatment of patients with ARS.
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